This study estimates dietary composition during infancy and childhood among 71 adults interred at the site of Machu Picchu, a royal Inca estate in the southern highlands of Peru. Recent research suggests that the majority of individuals were members of the cosmopolitian yana and aclla servant classes, and immigrated to the site from different regions; individual dietary histories may have been similarly varied. Diet was estimated at multiple points in early life through characterization of carbon and nitrogen isotope ratios in tooth enamel and dentin, which preserve isotopic values from the first years of life. These data were compared to isotopic data from modern food samples, and analyzed using recently-published statistical models. A subset of individuals also has existing bone collagen isotopic data, which reflects diet from the last decade of life and thus permits comparison over the life course. Results indicate significant variation in enamel δ 13 C (approximately 12‰), dentin δ 13 C (approximately 9‰) and δ 15 N (approximately 8‰) between individuals across the study population. These findings suggest substantial variability in diet during infancy and childhood, and support interpretations that this population was primarily yanacona or mixed yanacona/acllacona. This study also highlights the utility of multi-tissue isotopic analysis in more nuanced reconstruction of diet in the ancient Andes.
Diet is a fundamental aspect of everyday life; it is also a key area of intersection between ecology, political economy and physiological well-being. Accurately mapping dietary characteristics in ancient populations, not only across cultures and time periods but also within single groups or even single life spans, therefore opens an essential window to better understand their constituents.
With extensive ecological and cultural diversity, the Precolumbian Andes is an area for which a better understanding of subsistence and diet provide particular political, economic and cultural insights. The ancient central Andean economy has long been characterized as a "vertical archipelago" in the highland sierra (Murra 1980) in which single ethnic groups cultivated crops and pastured livestock at different altitudinal zones, pooling and redistributing resources in order to maximize production across several ecological systems. The coastal regions of Precolumbian Peru and northern Chile have been seen as areas of "horizontal" economic specialization, with a reliance on marine resources, trade and incipient monetization (Rostworowski 1977) . These regional economic differences were sustained under the Inca system of indirect control, meaning that different groups would have had varying access to different food resources depending on where in the state they lived. Moreover, in populations with a substantial degree of immigration and/or emigration, individuals or population subsets may have had widely varying dietary histories Given the synergistic relationship between nutrition and susceptibility to other stressors such as infection (Scrimshaw and San Giovanni 1997) , especially early in life (Goldenberg 2003) , variation in dietary histories could have also translated to variation in health histories as well.
This study presents carbon and nitrogen isotopic ratios from a large sample of the skeletal population from the Inca royal estate of Machu Picchu in order to estimate dietary composition and the degree of dietary variation. Machu Picchu was a royal estate constructed during the reign of Inca Pachacuti in the mid-fifteenth century (Figure 1 ), and was inhabited by a permanent population until its eventual abandonment by AD 1570, following the Spanish conquest of Peru in 1532 (Rowe 1990) . Archaeological analyses led by Hiram Bingham in the early 20 th century recovered 177 individuals from cave interments in three major cemeteries surrounding the site (Bingham 1979 (Bingham [1930 ; Eaton 1916) . The three cemetery areas displayed no significant variation in interment contexts, and no significant variation in individual mortuary contexts that might have indicated differential status among the population (Salazar 2001) . Moreover, the utilitarian nature of associated grave goods suggests that the Machu Picchu population did not include members of the Inca nobility (Salazar 2001) . This suggested non-elite status is supported by ethnohistorical accounts in which Inca royal mummies were attended as revered ancestors in Cuzco and other imperial centers, not interred at royal estates (Rowe 1946) . Therefore, the Machu Picchu population likely consisted of individuals from one or more non-elite social classes under the direct control of the Inca state. While several analyses of colonial documents suggest that royal estates such as Machu Picchu would have been managed by permanent yanacona and/or a mixed yanacona/acllacona population, others have suggested that mitmacona labor colonists or even local hatun runa (commoners) may have lived and worked on them as well (Rostworowski de Diez Canseco 1999) . Burger et al. (2003) hypothesize that the population from Machu Picchu consisted of yanacona. Ethnohistorical research describes the yanacona as members of a cosmopolitan servant class who were individually selected by elites and moved about the empire for various services, including permanent residence as retainers at royal estates (Villar Cordova 1966) . The yana class typically consisted of males; an analogous class of female retainers was known as the acllacona, or "chosen women" (Rowe 1982; Silverblatt 1978) . As such, yana populations and/ or mixed yana/aclla populations would have been assemblages of individuals who had little to no commonality in background; this would theoretically differentiate them from mitmacona or local hatun runa, though mitmaq communities may have themselves been internally heterogeneous (Turner 2008; ). The yana or mixed yana/aclla hypothesis is further supported by a recent isotopic study of residential mobility in a larger segment of the Machu Picchu population, in which wide, stochastic and statistically significant variation was found in strontium, oxygen and lead isotopic ratios among its constituents ). These data suggest that the majority of the Machu Picchu population originated from numerous regions of the central Andes and immigrated to the site following childhood, with considerable individual variation in residential origin-a yana/ aclla population or an admixture of yana, aclla, and heterogeneous mitmacona. It would therefore be reasonable to assume that wide variation in background could also extend to dietary history, as the central Andes is characterized by a variety of ecozones and by varying modes of subsistence and goods exchange.
Within this overall context, it would therefore be reasonable to assume regional diversity in diet related to subsistence context, which would vary by climate, altitude, aridity and proximity to rivers, lakes and the Pacific Ocean. Based on the wide variation in residential origin suggested for the Machu Picchu population based on mortuary context (Salazar 2001) and Sr, Pb and O isotopic data ), one could reasonably infer that members of the population grew up consuming equally varied diets. This could have important implications for interpreting nutritional status and health among the population , and for understanding non-elite subsistence practices during the Inca period.
To explore this suggestion, isotopic data directly related to dietary resources are characterized for a large subset of the Machu Picchu population (N=71 of 177 total) and used to interpret both within-individual and between individual dietary trends. This is made possible through the analysis of multiple isotopic parameters for each individual, characterized from skeletal tissues that develop at different points in life and therefore exhibit isotopic values that reflect dietary patterns from different life stages. Burger et al. (2003) report carbon and nitrogen isotopic data for a subset of the Machu Picchu population from bone collagen originally analyzed in 1987; these published data are included here along with new isotopic data characterized from tooth enamel and dentin. Bone remodels during life and represents averaged isotopic values for the last decade or so leading up to death (Manolagas 2000) ; therefore, bone collagen isotopic data reported by Burger et al. (2003) provide insights into averaged dietary composition towards the end of life. Conversely, enamel crowns form at stable rates during infancy and childhood and show little to-no-turnover once formed; dentin also forms at stable rates during crown formation, though with slightly different timing than corresponding enamel crowns from the same tooth (Hillson 1996) . Dentin also shows relatively little turnover compared to bone, unless the tooth sustains trauma or severe wear during life (Hillson 1996, Roberts-Clark and Smith 2000) . This study therefore provides a fuller dataset that includes nitrogen and both inorganic and organic carbon isotopic values, from specific in vivo periods. These data are therefore useful in interpreting individual dietary change over the lifespan, and for characterizing diet from periods in constituents' lives prior to their likely immigration to Machu Picchu ).
Stable Isotopes and Dietary Reconstruction
Isotopic reconstructions of diet in archaeological populations constitute an important and common area of bioarchaeological research, utilizing biochemical measures of the relative importance of constituent food types to individual diets. Isotopic ratios of carbon in bone and enamel carbonate (δ 13 C ap ) represent carbon drawn from all sources in the diet, including terrestrial or marine animals, and plants with C 3 versus C 4 photosynthetic pathways (less commonly consumed by humans are plants with crassulean-acid metabolism (CAM) photosynthetic pathways, whose δ 13 C values vary between C 3 and C 4 ranges). As such, carbonate isotopic values represent a composite dietary signal representing carbohydrates, fats, and protein. In bone and dentin protein, the majority of which is collagen, the same ratios (δ 13 C col ) appear to disproportionately represent the contribution of carbon found in dietary protein (Ambrose and Norr 1993) . Traditionally, carbonate-collagen spacing, or ∆ 13 C ap-col have been used to estimate the type and proportion of protein in the overall diet (Ambrose 1993, Ambrose and Norr 1993) ; however, recent research suggests that in vivo metabolic routing of dietary components to different bodily tissues is more complex, and alternate formulae are needed to accurately estimate different dietary components in archaeological populations (Kellner and Schoeninger 2007) . Isotopic nitrogen ratios (δ 15 N) found in bone and dentin collagen reflect the types of protein (animal, vegetable, leguminous, terrestrial versus marine) incorporated into the diet (DeNiro and Schoeninger 1983) , representing trophic-level effects in protein intake associated with organisms' positions in food webs (Ambrose et al. 1997; Ambrose and Norr 1993; Lee-Thorp et al. 1989) .
Working from these premises, isotopic studies of Andean populations have provided critical insights into prehistoric Andean subsistence such as those related to movement between regions (Aufderheide et al. 1994 , White et al. 2009 ) and shifts to sedentism (Benfer 1990) . Changes in subsistence have also been related to aspects of state formation and consolidation, including increased maize production and consumption (Finucane et al. 2006; Sandness 1992) , access to meat (Hastorf 2001) , gendered and status-based access to maize products (Hastorf 1996; Ubelaker et al. 1995) and shifting relationships with imperial cores over time (Slovak 2007) . Given the direct relationship between Machu Picchu and the Inca state and previously-reported isotopic evidence of a substantial number of immigrants at the site ), assessing dietary histories in this population could provide additional insights into aspects of early-life subsistence, residence and health.
Ancient Andean Diet: An Overview
Much of what is known about ancient Andean subsistence comes from colonial Spanish accounts, perhaps the most reliable of which come from accounts first published in 1653 by the Jesuit priest Bernabé Cobo (1890 Cobo ( -1895 Cobo ( [1653 :194, see also Rowe 1946) . Based on these sources, a handful of goods comprised the bulk of utilized food resources leading up to and during the Late Horizon (AD 1438-1532), with broadly distinct but overlapping dietary patterns in highland sierra versus coastal regions. Staple goods included maize (Zea mays); potatoes (Solanum spp.) and other tubers such as maca (Lepidium meyenii) oca (Oxalis tuberosa) and ulluco (Ullucus tuberosus); grains such as quinoa (Chenopodium quinoa; also known as chisiya mama or "mother grain" in Quechua), kañiwa (C. pallidicaule) and kiwicha, or amaranth (Amaranthus caudatus); squashes (Curcurbita spp.); peppers such as ají (Capsicum baccatum) and rocoto (C. pubescens); salt; and beans (Phaseoleum spp.) (Cobo 1964 (Cobo [1653 : Bks. 4, 11, 14) . Importantly, kiwicha (A. caudatus) is the only other known C 4 plant in the western hemisphere consumed by Precolumbian human populations besides maize. Coastal populations consumed a substantial degree of crayfish and fresh and dried fish such as sardines and anchovies (see Tieszen and Chapman 1993 for taxonomic detail), though there is little evidence to suggest that large, pelagic (deep-sea) fish contributed substantially to the diet (Marcus et al. 1999:6568) . These products were also dried and traded for dried llama (Lama glama) meat to the highlands, where they were kept in storehouses (Marcus et al. 1999; Rostworowski 1977) . Similarly, communities in proximity to rivers and lakes likely consumed freshwater fish (see Miller et al. 2010 for taxonomic detail). Hunting was strictly regulated by the Inca throughout the empire, while cuy, or guinea pig (Cavia porcellus) and llama were consumed primarily in ceremonial or celebratory contexts (Rowe 1946:217) ; therefore consumption of meat was likely limited among nonelites in everyday diet. Llama and alpaca (Vicugna pacos) were not utilized for their milk, and dairy appears to have played no part in the diet.
In her review of colonial accounts of Andean diets, Bray (2003:9) notes that the diets of highstatus versus low-status groups in the Inca state primarily differed not in their basic components, but in the quantity and quality of resources, the style of preparation and in the variety of accoutrements. Thus, the nobility consumed more meat and a greater variety of maize-based dishes, while commoner and servant classes consumed proportionately more tubers and greens (Bray 2003:9-10) . The distinction of these models is supported by Tomczak's (2003) isotopic study of Late Intermediate Period (AD 1000-1438) populations from the coastal Osmore drainage of southern Peru. In addition, there is a long tradition in the central Andes of community self-sufficiency, meaning that within the vertical or horizontal subsistence models described above, there would likely be less emphasis on long-distance or interregional trade even within an imperial system such as that of the Inca state (Murra 1972) .
Methods

Research design
As shown in simplified models in Figure 2 , the distribution of each isotopic parameter is expected to vary widely and with no discernable modality, as would be the case among yanacona where potentially every member came from a different geographic and/or cultural background. Moreover, variation of dietary isotopic parameters in a yana/ aclla population would be expected to winnow between early-and late-life, as dietary patterns converged following arrival at Machu Picchu. Bi-or multimodality in the distribution of isotopic data would indicate dietary similarities among subsets of the population, as would be expected if the Machu Picchu population was wholly or partly comprised of mitmacona colonists who would likely share similar backgrounds. In a mitmacona population, late-life diet would also be expected to differ from early-life diet, marking subsistence change with relocation to Machu Picchu; however, within-population variation would be consistently lower than that expected for yanacona or a mix of yanacona and acllacona. A population of local hatun runa, including locally-born descendants of earlier immigrants, would be expected to show consistency in diet, varying little in dietary isotopic parameters both early and late in life.
Sample selection
Individuals from the overall skeletal assemblage were included in the study population based primarily on availability of identifiable permanent teeth, and secondarily by sufficient preservation to estimate sex and age or by notable characteristics such as cranial modification or unusual burial context. The resulting study population (N=71) is drawn from the three cemetery areas at the site. Tooth enamel was sampled from M1, M2 and M3 from each individual when present, resulting in δ 13 C ap data representing three distinct time periods for each individual, "Infancy/Early Childhood" (0-3.5 years), "Middle Childhood" (2.5-8 years), and "Adolescence" (9-12 years) following tooth crown developmental periods outlined in Hillson (1996) . It is acknowledged that there is substantial individual variability in the exact timing of crown formation (Hillson 1996) ; therefore these developmental periods are general, though they still provide a greater temporal specificity than does the roughly ten-year average represented by bone noted above. Moreover, the use of bulk enamel samples, with developmental periods on the order of years, reduces the effect of seasonal dietary variation and individual variation in specific stages of crown development. Incisors and second premolars were used, respectively as substitutes for first and second molars in the event of their absence.
The ideal sampling design for collagen carbon isotope (δ 13 C col ) analysis would correspond to that for δ 13 C ap , consisting of a first, second and third permanent molar from each individual, providing a developmental isotopic window spanning birth through roughly fifteen years of age. Moreover, the study population would ideally include all 59 individuals analyzed in Burger et al.'s (2003) earlier isotopic study, providing comparative data from the last decade or so of life for the majority of individuals studied. However, many of the individuals selected by Burger et al. (2003) lacked the necessary teeth for this study, resulting in divergent study populations with only moderate overlap. Second, concerns with minimizing intrusion to in situ teeth, particularly given ongoing controversy surrounding stewardship of the Machu Picchu population (Harman 2005; Karp-Toledo 2008; Kennedy 2007) led to a modified sampling design centered on collecting minimal dentin to generate viable purified collagen samples. To maximize dentin collagen δ 15 N and δ 13 C col results and minimize intrusion, 25-40 mg of dentin was collected from 22 individuals with adequately exposed and accessible dentin in M1, M2 and/or M3 teeth using a hand-held tool with circular diamond-cutter attachment. Pulp and any areas of secondary dentin formation were abraded off -secondary dentin identified based on its darker color and glossier texture than primary dentin-and teeth with carious lesions were avoided, in order to minimize the potential effects of in vivo dentin turnover (Roberts-Clark and Smith 2000) . Finally, the developmental periods represented by dentin crowns overlap with, but also slightly diverge from, their corresponding enamel crowns in overall tooth formation (Hillson 1996) . For all of these reasons, different developmental categories are used for isotopic data characterized from dentin rather than enamel, though both are taken from the same individual teeth. M1 dentin represents "Infancy/ Early Childhood" (0-3.5 years), while individuals' M2 and M3 dentin were pooled when both were present, to maximize collagen yield and represent "Middle Childhood/ Adolescence" (2.5-12 years). Individuals who only yielded M2 or M3 dentin were still grouped in middle childhood/adolescence, as both are subsumed in that category. Archaeological llama (L. glama) bone was sampled from four fragmentary ribs collected from the site of Chokepukio, 40km southeast of Cusco, Peru with the permission of project director Dr. Gordon McEwan. These data are presented here and are important to interpreting human isotopic data for two reasons. First, llama meat appears to have been consumed at Machu Picchu, based on evidence of charred and cut llama bone (Milner 2003) ; second, llama herds traveled far and wide throughout the Precolumbian Andes, and may have themselves been quite variable in their δ 13 C values-which would lead to isotopic variability even among humans consuming comparable quantities of llama meat.
Isotopic analysis
Recent assessments of isolation protocols for archaeological bone collagen (Liden, Takahashi, and Nelson 1995) suggest that methods of extraction using only sodium hydroxide (NaOH) to remove lipids and humic contaminants can decrease collagen yields and fail to completely remove lipids. The dentin samples analyzed here were quite small, the majority weighing less than 30 mg; therefore maximizing collagen yield while ensuring collagen purity was of central concern. Thus, a collagen purification protocol designed to minimize contaminants in very small samples was adapted from methods modified from those detailed by Stafford (personal communication 2002), Liden et al. (1995) and Ambrose (1993) . Samples were crushed with an agate mortar and pestle and continually flushed for four hours with a 10:5:1 solution of methanol, chloroform and water in a Soxhlet distillation apparatus to remove lipids, then air-dried for 48 hours at room temperature. Samples were then transferred to annealed 15 ml glass tubes with Teflon caps and demineralized in 0.5 M HCl at 4° C until translucent, with periodic replacement of HCl. Samples were then treated with a 0.2% KOH solution for 48-72 hours, depending on sample integrity, to remove humic contaminants, soaked in 0.5 M HCl for 48 hours at 4° C, and then solubized in a 0.05 M HCl solution at 95° C for approximately 8 hours. Gelatinized samples were filtered through .045 μm millipore syringe tips into 5 ml borosilicate tubes and freeze dried under vacuum for 36 hours. Llama bone fragments were purified using near identical procedures detailed in Turner et al. (2007) .
To characterize a basic terrestrial "menu" based in the southern Peruvian highlands, modern plant samples from indigenous crops of known importance in Precolumbian contexts (Bray 2003) were collected from farms in the village of Huacarpay, outside of Cuzco, Peru and analyzed isotopically along with the four archaeological llama bone samples. Care was taken to ensure that plant samples were from farms that do not utilize chemical fertilizers so as to avoid any potential enriching effect on δ 15 N due to high-nitrogen inputs (Commisso and Nelson 2007) . In a review of colonial literature on traditional Andean culinary practices, Bray (2003:9-10 ) describes the most common methods for preparing food as boiling, roasting, toasting, grinding and fermenting (i.e., for chicha, a beer-like beverage brewed). Food samples were thus rinsed with ddH 2 O and subjected to boiling, roasting and toasting using laboratory furnaces and hot plates, then freeze-dried and ground prior to characterization of δ 13 C and δ 15 N. Baseline data for terrestrial and aquatic resources from northern Chile are reported by Tieszen and Chapman (1993) , while baseline data for freshwater fish from Late Titicaca are reported by Miller et al. (2010) , and are referenced here for interpreting the Machu Picchu human isotopic data.
Carbon and nitrogen stable isotope composition of purified collagen and food samples were analyzed on a Carlo Erba CNS analyzer interfaced with a Micromass Prism Series II stable isotope ratio mass spectrometer at the Center for Isotope Geoscience at the University of Florida, Gainesville. The analytical precision of the mass spectrometer was ± 0.20‰ for δ 15 N and ± 0.14‰ for collagen δ 13 C. Samples of tooth enamel carbonate were also purified for inorganic carbon and oxygen isotope analyses; these methods of assessing sample integrity, sample purification, and mass spectrometry are detailed elsewhere ), and for brevity are not repeated her. Statistical analyses were performed using SAS 9.1 (English) and MS Excel for Microsoft Office 2007.
Results
The isotopic results for the Machu Picchu human dentin and bone samples are summarized in Table 1 . Results for analyzed food samples are Burger et al. (2003) .
summarized in Table 2 . Carbon isotopic results for the modern plant samples are corrected for postindustrial enrichment of atmospheric 12 C, in order to make these data comparable with archaeological llama and human δ 13 C. No systematic or significant difference was found in δ 13 C or δ 15 N of food samples based on laboratory cooking/preparation technique. Notably, bone collagen δ 13 C and, to a lesser degree, δ 15 N, vary in the four llama specimens analyzed, suggesting some variability in camelid diet. Before summarizing isotopic results, it is important to address the absence of carbon/nitrogen (C/N) ratios in the dentin collagen isotopic results. C/N ratios are a common measure of sample integrity, and collagen samples from preserved bone or dentin are considered unaltered if their C/N ratios fall within a range found in living bone, i.e. 2.6 to 3.4 (Schoeninger et al. 1989) . The absence of C/N ratios among the dentin samples in this study is due entirely to the minute amounts of collagenous material purified from each individual; there was simply not enough harvestable collagen to produce isotopic data and the % C and % N necessary to calculate C/N ratios using the mass spectrometer described above. However, the majority of these samples can be considered unaltered by diagenetic processes for several reasons. The majority of the human remains from Machu Picchu were recovered from above-ground cave interments, meaning that many of the individuals had no contact between their dentition and burial soils; while exposure to scavengers or other taphonomic processes was noted during excavation (Eaton 1916; Verano 2003) , this context minimizes the likelihood of elemental exchange between hard tissue substrates and surrounding soils and groundwater. Moreover, while Burger et al. (2003) do not report C/N ratios, a subset of bone collagen from the Machu Picchu Continuation Table 1 . population (n= 10) was purified here using the same techniques as for dentin and analyzed for C/N ratios, all of which fall between 2.7-2.9, within the acceptable range. Additionally, percent collagen yields were used as indicators of integrity; the Type I collagen that represents the vast bulk of skeletal protein is considered to comprise 20-30% of the overall skeletal mass, including dentin (Becker et al. 1986 , Butler 1992 . Using the minimum of 5% and maximum of 25% that is the standard in most isotopic dietary studies (Schoeninger et al. 1989, White and Schwarcz 1994) , any individuals whose collagen yields fell below 5% or above 25% were excluded from analysis. Moreover, plots of percent yields with δ 15 N and δ 13 C col (not included here) indicate no significant linear or modal relationship between percent yields and either δ 13 C (R 2 =0.07) or δ 15 N (R 2 = 0.02). Moreover, Pearson (ρ % yield, IECδ13Ccol = -0.243, P = 0.47) and Spearman (ρ % yield, MCADδ13Ccol = 0.322, P = 0.364; ρ % yield, IECδ15N = 0.050, P = 0.884; ρ % yield, MCADδ15N = -0.164, P = 0.651) tests of correlation between percent yields and collagenous isotopic values are non-significant. As summarized in Figure 3 , δ 13 C ap at all three developmental periods ranges over 10‰; mean values for Infancy/Early Childhood, Middle Childhood, and Adolescence are, respectively, -6.8‰, -6.3‰ and -6.6‰, with standard deviations of 3.2‰, 3.2‰ and 3.3‰. In addition, the magnitude of change in δ 13 C ap within each individual across early-life developmental periods also widely varies. Of those individuals for whom multiple teeth were characterized, δ 13 C ap was enriched from Infancy/ Early Childhood to Middle Childhood by up to 1‰ in fifteen individuals and by between 1-3‰ in six individuals; δ 13 C ap depleted during this same period by up to 1‰ in fourteen individuals and by between 1-3‰ in six individuals. Even greater variation was observed in the magnitude of change between Middle Childhood and Adolescence: δ 13 C ap enriched by up to 1‰ in six individuals and depleted by up to 1‰ in another six individuals; however, δ 13 C ap enriched by 1-3‰ in eight individuals and depleted by 1-3‰ in one individual, and δ 13 C ap enriched by over 3‰ in two individuals and depleted by over 3‰ in one individual. These varying degrees of change within individuals' enamel isotopic values suggest diversity in the extent of dietary change within individuals' lives as well. Individual δ 13 C col in Infancy/Early Childhood and Middle Childhood/Adolescence ranges upwards of 5‰, as shown in Figure 4 ; mean values for Infancy/Early Childhood and Middle Childhood/ Adolescence are, respectively, -13.6‰ and -13.9‰, with standard deviations of 2.5‰ and 2.2‰. These ranges also indicate marked difference in diet among those individuals analyzed, particularly in dietary protein. An additional parameter of estimating the nature of dietary protein is collagenous δ 15 N, which serves primarily as a proxy of dietary protein composition. Nitrogen isotopes also enrich in a stepwise manner of approximately 3‰ through trophic webs (Schoeninger and DeNiro 1984) , and can be affected by environmental and physiological factors, noted below. As shown in Figure 4 One individual exhibits a highly enriched δ 15 N value in M2 of 24.4‰, which accounts for the large standard deviation in Middle Childhood/ Adolescence. This outlier individual, an adult male with pronounced annular cranial modification, displays a percent yield within the normal range, and is not an outlier in his δ 13 C col value (-12.0‰). It is possible that this extreme degree of enrichment in δ 15 N is due to prolonged breastfeeding -especially from a mother whose own diet was rich in marine Figure 3 . Box-and-Whiskers plots of enamel δ 13 C ap by developmental period. Each plot represents a five-number summary for each developmental period: the top whisker represents the maximum value in the isotopic range, while the bottom whisker represents the minimum value; the top and bottom ends of each box represent the upper and lower quartiles, respectively, and the line within each box represents the median value. fish-to consumption of marine fish himself, to metabolic abnormalities, residential origin in an arid ecozone (Ambrose 1991) , or some combination of these factors. Srontium, lead and oxygen isotopic data from this individual tentatively suggest that he immigrated to Machu Picchu from the coastal region of southern Peru or northern Chile ), which could support interpretations of substantial marine fish in his diet; however, this interpretation is tentative and does not preclude physiological or pathological processes as contributing factors. If this δ 15 N outlier is excluded from the Middle Childhood/Adolescent cohort, the δ 15 N range for the study population reduces from 17.0‰ to 6.3‰, which is still a substantial degree of variation. Isotopic values for the four archaeological llama bones sampled display considerable variation; as summarized in Table 2 and Figure 5 , δ 13 C col ranges from -10.6‰ to -20.0‰, while δ 15 N ranges from 4.1‰ to 6.8‰. These values may indicate variation in dietary patterns among different individual llama, particularly since llama caravans were used for long-distance transport of goods throughout the Precolumbian Andes. Therefore, some admixture in a given herd might be expected through variation in feeding and husbanding strategies (Finucane et al. Figure 5 . Plot of δ 15 N vs. δ 13 C for indigenous food resources likely available to Central Andean highland populations. *Isotopic data from archaeological Lake Titicaca fish from Miller et al. (2010) . **Mean isotopic data from Tieszen and Chapman (1993) . de Miller et al. (2010) . **Valores isotópicos promedio obtenidos de Tieszen y Chapman (1993) . (Yacobaccio, Morales, and Samec 2009 ) that suggests a stepwise, inverse relationship between llama δ 13 C col and grazing altitude in modern specimens from the Argentine puna ecozone. This variation likely extends to archaeological specimens throughout the Andes, given migratory range of llama caravans throughout the Precolumbian Andes (Lynch 1983) , regional variation in local biota (Gomez Molina and Little 1981) and different climatological and ecological contexts in different regions affecting the metabolism of plants within the same taxa (Tieszen 1991) .
El diagrama de caja para medidas de esmalte
Trazas de δ 13 C col versus δ 13 C ap de los alimentos locales posiblemente disponibles para las poblaciones de las sierras de los Andes Centrales. *Valores isotópicos de pescados arqueológicos del Lago Titicaca obtenido
Discussion
The Machu Picchu population range in δ 13 C ap encompasses much of the values found in C 4 and C 3 food plants and their herbivore consumers (Ambrose 1993, DeNiro and Schoeninger 1983) . Similarly, the δ 13 C col isotopic range among the Machu Picchu population spans the values available for terrestrial and aquatic protein sources in the region (Table 2, Figure 5 ; see also Miller et al. 2010, and Tieszen and Chapman 1993) . This human isotopic range also exceeds that found in the four archaeological llama specimens analyzed here, meaning that it is unlikely that a single population with common backgrounds were simply eating meat from isotopically variable llama. The human isotopic variation speaks to a greater variation in overall diet, rather than one that is biased by variation among the diets of consumed llama. Interpreting this variation in terms of reconstructing what people were eating during these periods is complex, and requires consideration of a number of influences, potential confounders, and subsistence scenarios.
As discussed earlier, δ 13 C ap data serve as proxies of whole diet, including carbohydrates, proteins and fats, while δ 13 C col data serve disproportionately, but not exclusively, as proxies of the dietary protein (Ambrose and Norr 1993; Jim et al. 2004 ). Kellner and Schoeninger (2007 :1120 -1121 present a new analytical model to estimate δ 13 C overall diet from δ 13 C ap and δ 13 C diet protein from δ 13 C col as an alternative to traditional carbonate apatite -collagen offsets (δ 13 C ap-δ 13 C col , i.e. ∆ 13 C ap-col ), which they argue do not provide useful estimates of the proportion and source of dietary protein.
The application of their regression model here, to estimate dietary composition in the 21 individuals with enamel and dentin δ 13 C isotopic data, yields insights into early-life dietary variability among this subset of the Machu Picchu study population, shown in Figure 6 . Individuals were plotted along three regression lines controlling for dietary protein source from this analytical model. As shown in Figure 6 , individuals varied substantially in their source of dietary energy and dietary protein. Many of the individuals appear to have consumed a majority of dietary energy from C 4 sources such as maize or kiwicha; three individuals consumed mostly C 3 energy sources such as legumes, quinoa, tubers and other vegetables, and five individuals consumed mixed C 3 /C 4 energy sources. Only three individuals fall along the C 3 protein line with a position suggesting a majority of dietary energy from C 3 sources as well, while two others fall near the C 3 protein line but position closer to mixed C 3 /C 4 dietary energy. Only one individual falls between the marine protein and C 4 protein lines, while the outlier individual discussed above falls almost directly on the marine protein line and well into the range of 100% C 4 energy. The majority of individuals consumed most of their dietary energy from C 4 sources, and plot between the protein lines for C 3 on the one hand, and marine and C 4 protein on the other. This suggests that a substantial number of individuals in this subset of 21 consumed C 4 energy and C 4 protein sources Figure 6 . Plot of δ 13 C ap vs. δ 13 C col with regression lines for dietary estimation from Schoeninger (2007:1122) . Trazas de δ 13 C col versus δ 13 C ap con líneas de regresiones para estimaciones dietarias tomadas de Kellner y Schoeninger (2007 :1122 . with some inclusion of C 3 protein. However, the spread of the data indicates variability in dietary protein and energy composition within this general characterization. Among this majority, fully assessing the diversity in both energy and protein sources is likely impacted at least in part by three key factors. The first is the variation in llama bone collagen from four samples analyzed here (Table 2) , particularly the 9.4‰ range in δ 13 C. Llama caravans routinely traveled considerable distances to facilitate movement of goods throughout different regions during the Inca period; it is likely that llamas varied in their dietary composition depending on the relative abundance of C 3 and C 4 foliage in different ecozones. Individuals could therefore consume similar proportions of llama meat but still differ in their tissue δ 13 C col .
The second factor influencing estimation of energy and protein sources is the overlap between freshwater fish from sites near Lake Titicaca (Miller et al. 2010 ) and maize, shown in Figure 5 . While these two sources of protein overlap isotopically, they diverge substantially in their nutrient composition. However, several of the individuals displaying early-life carbon isotopic values in the C 4 protein range also exhibit depleted strontium isotopic values and heavier δ 18 O values, both of which tentatively suggest residential origin in coastal regions (see discussion in ) rather than the Lake Titicaca region. However, the 87 Sr/ 86 Sr and δ 18 O data for individuals in the C 4 dietary range are widely distributed, precluding firm interpretation of coastal, marine-based diets or highland diets heavy in maize or other terrestrial C 4 sources.
Finally, estimating protein and energy sources is influenced by the inclusion of native, high-protein grains of high nutritional quality in the Andean dietary repertoire. Kiwicha (amaranth) is a C 4 grain with a protein content of 13-18%, higher than many other grains (National Research Council 1989:143) and substantially higher than Andean legumes such as lima beans (5.3%). Quinoa, a C 3 grain, has an even higher protein content of 16-23%. This is lower than the protein content found in animal sources such as llama charqui (dried meat), which has as much as 80% protein (Garcia et al. 2001) . Nonetheless, both quinoa and kiwicha could have contributed significant dietary protein in addition to their carbohydrate energy. In addition, the δ 13 C of kiwicha is similar to that of maize, and substantially higher than that of quinoa. Moreover, the mean δ 15 N of kiwicha analyzed here is 13.5, substantially enriched relative to maize and quinoa (Table 2) and most other terrestrial plants (Schoeninger, Iwaniec, and Glander 1997) , and intermediate between that of marine fish and C 4 terrestrial grazers (Tieszen and Chapman 1993) . Kiwicha therefore represents an additional dietary resource enriched in both δ 13 C and δ 15 N that could limit the extent to which terrestrial animal, plant and marine foods can be distinguished in estimating human diet in Andean contexts. The presence in the Andes of these highprotein, high-energy crops that overlap somewhat in δ 13 C and δ 15 N with other common resources represents additional sources of dietary variability to consider.
A new regression model for estimating diet from both δ 13 C and δ 15 N from Froehle et al. (2009) is not yet available in published literature, limiting the inclusion of δ 15 N in estimating diet as has been done with δ 13 C (Kellner and Schoeninger 2007) . However, assuming a roughly 3‰ enrichment between food source and consumer, the δ 15 N of the various protein sources consumed by most of the individuals in the study group during Infancy/ Early Childhood and Middle Childhood (with the exception of the aforementioned outlier) ranged between 4.4‰ and 13.5‰. These values span the range of most, but not all, of available protein sources. However, two possible confounders must be taken into account in estimating dietary protein from tooth δ 15 N. The first is that δ 15 N has been found to enrich in animals living in arid environments due to physiological mechanisms of water conservation (Ambrose 1991) ; this applies to areas of the central Andes, especially the hyper-arid coastal deserts, as an isotopic study of residential mobility at Machu Picchu identified numerous individuals who may have originated in coastal regions ). Since areas of the central Andes, especially the coastal desert, are characterized by moderate to extreme aridity, this could be of potential concern. However, there is no correlation between dentin δ 15 N and previously-reported enamel δ 18 O ) from corresponding teeth-among an admittedly small sample size. Since δ 18 O in teeth reflects the δ 18 O of consumed water, which in turn is affected by climatic influences on evaporative pressure such as aridity, temperature and altitude, this lack of correlation suggests that enrichment through physiological means of water conservation is less likely a major influence on δ 15 N values. However, recent work by Knudson (2009) demonstrates substantial δ 18 O variation within populations determined to be "local" via Sr isotope analysis. This suggests that more work is needed to fully understand the various environmental and metabolic factors influencing δ 18 O in humans, including correlation with δ 15 N in arid contexts.
The second confounder is the likely role that breastfeeding played in δ 15 N enrichment in M1 dentin, which forms during Infancy/Early Childhood, when individuals were likely consuming breastmilk as part of their diet. Infant tissues are typically enriched in δ 15 N by 2-3‰ relative to older children and adults as they represent additional trophic-level fractionation between maternal diet and breastmilk (Fogel et al. 1989) . However, the resolution of the sampling here is insufficient to estimate the age at which individuals received supplementary foods or ceased breastfeeding, since almost all individuals are represented by a single dentin sample.
It is perhaps most conservative to assume some additional enrichment in δ 15 N among the Infancy/ Early Childhood sample cohort relative to maternal tissues, indicating at least some breastfeeding during the development of M1 dentin. Accounting for additional fractionation between maternal diet and maternal breastmilk, an assumed enrichment of 4.5‰ between plant and animal protein and IEC dentin suggests a dietary protein base for the Machu Picchu population during Infancy/Early Childhood of 3.7-12.0‰. These revised estimates suggest that individuals (or rather, they and their mothers) consumed dietary protein from a wide variety of sources. Overall combined δ 13 C and δ 15 N results suggest that none of the individuals in the population obtained their dietary protein exclusively from leguminous sources such as lima beans ( Figure 5 ). Several individuals are enriched in δ 15 N while relatively depleted in δ 13 C col , suggesting at least partial reliance on freshwater fish or C 3 browser meat for dietary protein, and similar to findings (Falabella et al. 2007 ) among populations in central Chile.
Change in diet across the individual lifespan
Within Early-Life. As noted above, a substantial degree of variation was found in the magnitude of change in δ 13 C ap among those individuals for whom multiple tooth enamel samples were analyzed.
While the majority of individuals exhibited less than 1‰ change in their δ 13 C ap between Infancy/ Early Childhood and Middle Childhood, or between Middle Childhood and Adolescence, over two dozen individuals exhibited either enrichment or depletion between 1-3‰, and three individuals exhibited enrichment or depletion in excess of 3‰. Enamel δ 13 C ap represents an average of the carbon metabolized from the full range of dietary sources, including carbohydrates, protein and lipids; it is therefore difficult to reconstruct what particulars of the diet changed during early life. However, one general interpretation that can be made is that while some individuals were consuming a relatively homogenous diet -isotopically speaking-during infancy and childhood, others experienced moderate change in their diets, and others may have experienced more substantial shifts. Previously-reported δ 18 O data, which is a commonly-used indicator of local ecological context and therefore residential origin ), is similarly varied for these individuals in both between-individual and within-individual variation. While some individuals show very little change in δ 18 O, others display a degree of change that suggests proximity to markedly different sources of drinking water, i.e. in different ecological contexts. Therefore, the variation in dietary change within individuals' early lives may be related to regional differences between ecozones during infancy, childhood, or adolescence. These data represent a window into the lives of ancient populations that is uncommon in isotopic research, and speaks to the potential for reconstructing multiple episodes of change across individual lifespans in better interpreting diet, nutrition, and health.
Early-vs. Late-Life.
A pre-existing isotopic dataset for part of the Machu Picchu population from Burger et al. (2003) permits comparison among 13 individuals in this study population who have both dentin and bone collagen results (Table 1) . Unfortunately, bone δ 13 C ap was not characterized in this earlier study, which precludes early-vs. late-life comparison with the enamel values discussed above; however, insights can be gained in examining early-vs. late-life dietary trends using δ 13 C col and δ 15 N. For this subset, mean bone collagen δ 13 C col is -12.6‰ with a standard deviation of 2.6‰ and range of 7.8‰; mean δ 15 N is 9.2‰ with a standard deviation of 1.4‰ and a range of 5.6‰. In comparing these data with corresponding dentin data, mean δ 13 C col shows an increase of 1‰ between dentin and bone results, but similar standards of deviation throughout. Mean δ 15 N declines by roughly 2‰ and shows a much smaller standard deviation in bone versus dentin results, especially between bone and dentin representing Middle Childhood/Adolescence. This tentatively suggests wider variation in sources of dietary protein earlier in life versus the years leading up to death; taken in conjunction with isotopic estimates of residential origin ) and the results shown in Figure 6 , this points to a greater diversity in dietary protein sources prior to migration to Machu Picchu.
It should also be noted that bone collagen isotopic data represent averaged values over the last decade or so of life (Manolagas 2000) . Since almost half (N=10) of the dentin samples in the study population represent a developmental period extending to as late as fifteen years, it is possible that some lingering isotopic values from early-life were incorporated into bone collagen averages, especially for individuals who died in their twenties or even early thirties. While this would not extend to the entire study sample, it is worth noting that the dentin and bone collagen datasets could have areas of overlap, and that variation in the former may contribute to some of the variation in the latter.
Individuals in this small subset of the study population vary in the magnitude of change between early-and late-life in both δ 13 C col and δ 15 N. However, most individuals exhibit some enrichment in δ 13 C col and depletion in δ 15 N. This suggests a decrease in the proportion of 15 N-enriched dietary protein and an increase in the proportion of C 4 food resources. The depletion in δ 15 N would be expected at least in part from individuals whose dentin was sampled from first molars and therefore represents values from infancy/early childhood due to supplementation and weaning, though a shift in protein sources independent of this process could also play a role, especially among those whose dentin was sampled from later-developing molars. One could interpret the slight enrichment in δ 13 C col as suggesting that there was little change in sources of carbon from dietary protein, but this does not necessarily mean little change in dietary protein sources, given the overlap in δ 13 C values between kiwicha, C 4 grazers, and maize on the one hand, and between freshwater fish, C 3 browsers and C 3 plants on the other. Unfortunately, the dietary estimates from dentin and enamel samples (Figure 6 ) are less useful in comparisons between early-and late-life δ 13 C data since no bone carbonate apatite was characterized in Burger et al.'s (2003) study. However, teasing apart possible shifts in dietary protein sources given this overlap in δ 13 C col is facilitated by examining carbon isotopic values in conjunction with δ 15 N. Slight enrichment of δ 13 C in conjunction with depletion in δ 15 N, tentatively points to increased maize consumption as a potential explanation for both trends. Several individuals appear to have slightly depleted or shown little to no change in their δ 13 C, but it is suggested here that the direction of change may actually be towards enrichment that is masked by differences in sample purification methods between the bone collagen and dentin collagen datasets.
The collagen purification methods used by Lee-Thorpe and van der Merwe in their 1987 characterization of the Machu Picchu bone collagen for Burger et al. (2003) reflected prevailing methodologies at that time. However, subsequent studies by Liden et al. (1995) suggest that aspects of those common purification techniques, specifically the use of NaOH, may be insufficient in removing humic contaminants and lipids from tissue samples. Hence, the methods used here for dentin collagen purification take this into account, and incorporate more meticulous procedures for lipid removal through Soxhlet distillation with methanol/chloroform solutions and KOH for removal of humic contaminants. This is a critical point since lipids are depleted in δ 13 C relative to proteins, including collagen (DeNiro and Epstein 1977; Tieszen et al. 1983) . Therefore, even if one assumes a very slight depletion in all of the resulting bone collagen data due to residual lipids (for example, 0.5‰), this would shift the magnitudes of change in δ 13 C seen in these individuals such that all but a few individuals show zero change, slight enrichment, or moderate enrichment between dentin and bone collagen values. This hypothetical shift accounting for methodological differences would have no effect on δ 15 N. This supports the interpretation that more than a few individuals show some enrichment in δ 13 C, possibly due to increased maize consumption between early and late life. This also corresponds with interpretations of maize consumption at Machu Picchu by Burger et al. (2003) .
Conclusion
In sum, the population from Machu Picchu appears to have consumed a wide variety of foods early in life, spanning the range of subsistence contexts attributed to Inca-period Andean populations. The population appears to have varied widely in the sources of dietary energy and protein contributing to individuals' early-life diets. This variation in diet extends, though to a lesser degree, into adulthood, though the degree to which adult variation could be inflated by residual isotopic values from earlier in life is unclear. However, results tentatively suggest that maize became a more important dietary component, and that 15 N-enriched protein sources such as meat, fish or kiwicha became less important, following relocation to Machu Picchu, a notion echoed by Burger et al. (2003) . However, the magnitude of this potential dietary shift is itself widely variable; dietary composition for some individuals appears to have remained (isotopically speaking) largely unchanged while others appear to have experienced marked change.
The variability in these dietary estimates corresponds to that in previously-reported Sr, Pb and O isotopic data ) and further supports the hypothesis that the Machu Picchu study population was drawn from a variety of regions, with a variety of subsistence regimes and dietary patterns, and represents a diverse assemblage of individuals. Multivariate analysis to directly analyze these previously-reported Sr, Pb and O isotopic data with the C and N isotopic data reported here is unfeasible due to several factors, including the small sample size, marked difference in the scale of the data from each isotopic parameter, and the marked difference in dietary and/or environmental substrates that each isotopic parameter represents. However, as shown in Figure 7 , these early-versus late-life carbon and nitrogen isotopic data best fit the heuristic model (Figure 2) proposed for a population of yanacona or mix of yanacona and acllacona; any mitmacona present would have had more variation in backgrounds than is suggested in ethnohistorical analyses (Rowe 1982) . The residential isotopic data reported in also correspond to a similar heuristic model proposed therein for a population of yanacona and acllacona: namely one of wide, stochastic variation in isotopic data lacking any clear modality in their distribution. The possible increase in maize consumption of the population later in life also suggests an elevated status among the population, given the ceremonial and cultural importance of maize and maize products such as chicha. Yanacona and acllacona are described in ethnohistorical work (Pease 1982; Rowe 1982; Villar Cordova 1966) as sharing elevated status among non-elite classes in the Inca state. Despite noted limitations in sample size, this study therefore illustrates the potential of using multiple organic and inorganic tissues per individual in examining both between-and within-individual isotopic variation, mapping variation and life-course change in diet linked to status-mediated movement in the Precolumbian Andes. 
